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Biomimicry is gaining traction in the engineering community to create simple, elegant designs 
and constructions. Combining this with the microfabrication skills that the semiconductor 
industry has perfected, has enabled researchers to create high throughput, cost effective 
solutions to major challenges in the study of soft material dynamics.  
This thesis provides an insight into the possibilities that come with understanding the 
mechanics behind fast movements in the plant kingdom, and origami, to create systems that 
exhibit bidirectional folding using microfabrication. A thermoresponsive hydrogel sheet was 
fabricated, with stiffer non-swelling polymer grids embedded in it, which was the basis for its 
self-folding properties and behavior. In addition to this, a gut parasite inspired system was 
introduced, which could potentially give rise to a new type of adhesive drug delivery devices. 
Microfabrication skills such as photolithography were used to a large extent, to photopattern 
thermoresponsive hydrogels like poly (N-isopropyl acrylamide) and mucoadhesive materials 
like chitosan. The drug release kinetics for this model was assessed, and future steps proposed, 





Advisor: Dr. David Gracias 




I would like to thank Dr. Gracias for giving me the opportunity to pick a topic that interested 
me, and encouraging me to make the most of my time here. His “figure it out as long as you 
don’t break anything” style of mentoring taught me that I can be an independent researcher, 
knowing that I could rely on him to brainstorm with me in tough situations. I found very 
reliable friends in the Gracias Lab, who made my time here more memorable. I also found a 
mentor in my collaborator, Dr. Nguyen and I would like to thank her and her lab for all her 
support. I also sincerely thank Dr. Schulman, for agreeing to be a reader for this thesis. 
Dr. Goffin and Dr. Pereira were great mentors and gave me the opportunity to TA, 
which caused me to now have a newfound respect for the teachers I had throughout my 
academic career. I would like to thank the staff at the Chemical & Biomolecular Engineering 
for always being around to keep me more informed about the daily workings of the 
department. Another thank you to my mentors and all my professors at Hopkins, I am grateful 
to have had the chance to interact with them. 
 The Master’s program at JHU brought me to a new continent, filled with new 
experiences and perspectives. In these dynamic times, the love of my family, friends back 
home and alma mater stayed, unwavering. A sincere thank you to my parents, grandparents 
and siblings for always making me smile, reminding me of how far I have come, and calming 
me down when I talked about how I had miles before I went to sleep. 
 Last but not least, I have my entire support system at Hopkins, in the form of all the 
friends I had over the last two years, they set the bar high for all my future acquaintances.  
iv 
 
TABLE OF CONTENTS 
ABSTRACT ................................................................................................................... ii 
ACKNOWLEDGMENTS ........................................................................................... iii 
TABLE OF CONTENTS............................................................................................. iv 
FIGURES ....................................................................................................................... v 
TABLES ..................................................................................................................... viii 
CHAPTER 1. INTRODUCTION ................................................................................ 1 
1.1. Lithography to create three-dimensional structures ....................................... 1 
1.2. Self-folding systems with differentially swelling hydrogel actuators .............. 4 
1.3. Nature undergoes bidirectional folding .......................................................... 7 
1.4. Stimuli responsive materials ............................................................................ 9 
CHAPTER 2. REVERSIBLE BIDIRECTIONAL FOLDING OF A HYDROGEL 
SYSTEM ....................................................................................................................... 13 
2.1. Introduction ................................................................................................... 13 
2.2. Fabrication and experiments ......................................................................... 20 
2.3. Results and Discussions ................................................................................ 24 
2.4. Applications and Future Steps ....................................................................... 36 
CHAPTER 3. SCOLEX-INSPIRED DRUG DELIVERY SYSTEM ......................... 40 
3.1. Introduction ................................................................................................... 40 
3.2. Fabrication and Experiments ........................................................................ 48 
3.3. Results and Discussions ................................................................................ 56 
CHAPTER 4. SUMMARY AND FUTURE STEPS ................................................... 60 
REFERENCES ........................................................................................................... 61 






Figure 1 - A schematic of the ways a polymer system can bend out of plane. a.) Bilayer of 
polymers that undergo differential swelling, b.) Laterally arranged polymers that undergo 
differential swelling, c.) Polymer with a crosslinking gradient along its thickness, d.) 
Incorporation of a trigger layer that can be eliminated to cause bending of the strained 
bilayer underneath. Reprinted with permission from Ref. [36] © 2013, Current Opinion in 
Chemical Engineering. ......................................................................................................................... 5 
Figure 2 - The actions involved in a Venus Flytrap snapping shut to catch its prey. Image 
obtained from http://www.naturalhistorymag.com/biomechanics/112001/snap ................. 13 
Figure 3 - The changes in the orientation of a Venus Flytrap leaf in action, when closing on 
prey. The orientation of the leaf changes from concave when open to convex when closed. 
Reprinted with permission from Ref. [49] © 2005, Nature. ........................................................ 14 
Figure 4 - Miura ori pattern can be created using origami, contains interrelated folds that 
allow the entire sheet to be folded into a compact form by the application of a unidirectional 
force. Image obtained from http://www.origami-resource-center.com/origami-science.html
 ............................................................................................................................................................... 15 
Figure 5 - Miura ori employed in the design of a telescopic lens, that can be packed onto a 
satellite and unfolded in space, at the time of need, once the satellite has safely been 
incorporated into orbit. Image obtained from http://www.origami-resource-
center.com/origami-science.html#eyeglass ................................................................................... 15 
Figure 6 - Folding of a prestressed polystyrene sheet at the hinges, which are black lines 
printed on the sheet, which attain glass transition temperature before the unmarked regions 
of the sheet. Reprinted with permission from Ref. [88] © 2012, Soft Matter .......................... 17 
Figure 7 – A schematic of the bidirectional folding capability of the thermoresponsive 
hydrogel system .................................................................................................................................. 19 
Figure 8 - Top view of the bidirectional folding hydrogel system design, with dimensions. 
The blue region represents the hydrogel sheet while the white rectangles are the grids of 
non-swelling SU-8 photoresist. The spacing between the grids varies as: a = 500 µm, b = 400 
µm. ........................................................................................................................................................ 20 
Figure 9 - Negative masks for the hydrogel system. a. SU-8 mask for the stiff non swelling 
grids, b. rectangular shape for the pNIPAM layer of the hydrogel system. .............................. 21 
vi 
 
Figure 10 - Microfabrication schematic of the hydrogel and grid system. ................................. 21 
Figure 11 - Liftoff of shapes from the wafer, the last step of the fabrication process to show 
how the shapes naturally curl concave along the short side. The beads roll off the surface, 
proving this. ........................................................................................................................................ 25 
Figure 12 - Bidirectional folding schematic with images from experimentation ...................... 25 
Figure 13 - Images from the bidirectional folding experiments, the leftmost image is the 
beginning of a warmup phase, the image in the middle shows the flat state in transition, the 
image on the right shows the shape at the end of the warmup phase. The red arrows indicate 
the warmup phase, the blue arrows indicate the cooldown phase. Scale bars: 1 cm. .............. 26 
Figure 14 – (Left) Mask of the systems to be studied for bidirectional folding dependence on 
aspect ratio. Of the SU-8 mask on the left, the bottom three shapes indicate the original 
system with SU-8 grid aspect ratio = 2.375:1. The square grids indicate 1:1 aspect ratio, of 
side length = 800 µm and the remaining grids are of aspect ratio 1:2.375. (Right) pNIPAM 
masks corresponding to the SU-8 masks. ....................................................................................... 27 
Figure 15 – (left) investigating the onset of bidirectional folding by varying the number of 
rows and columns of SU-8 grids. (Right) The pNIPAM masks corresponding to the SU-8 
masks. ................................................................................................................................................... 30 
Figure 16 - (left) SU-8 masks to study the dependence of bidirectional folding on square grid 
dimensions. (Right) the pNIPAM masks corresponding to the SU-8 masks ............................ 31 
Figure 17 - 200 µm grids, the left figure shows the shape in the cold state, while the figure on 
the right shows the shape in the warm state, which exhibits uneven curling. Scale bars: 1 cm
 ............................................................................................................................................................... 33 
Figure 18- Proof of bending in each grid of the hydrogel grid system ...................................... 34 
Figure 19 - A visualization of the gold plated hydrogel - grid system, with respect to the 
silicon wafer (grey) in the absence of the sacrificial layer. The red layer below the yellow SU-
8 layer is the gold layer, while the blue layer is the pNIPAM layer. ............................................ 35 
Figure 20 - The bidirectional folding system as a thermoresponsive cargo offloading device. 
Scale bar: 1 cm .................................................................................................................................... 38 
Figure 21 - The bidirectional folding system represented as a thermoresponsive photovoltaic. 
Scale bar: 1 cm. ................................................................................................................................... 38 
Figure 22 - The components and characteristics of an effective drug delivery system. 
Reprinted with permission from Ref. [26] © 2012, Advanced Drug Delivery Reviews. ......... 41 
vii 
 
Figure 23 - Adhesion mechanism of octopus suckers. . Reprinted from Ref. [141]© 2013, 
PLoS ONE. ......................................................................................................................................... 47 
Figure 24 - An image of the suction cup, after the liftoff step of fabrication. (a.) A side view 
of the suction cup at room temperature, observed using bright field microscopy, (b.) the top 
view of the suction cup at room temperature, using bright field microscopy, (c.) side view of 
the room temperature suction cup, using fluorescence imaging (d.) Indicates the side view of 
the collapsed suction cup in warm water. The red arrow indicates warming while the blue 
arrow indicates cooling. ..................................................................................................................... 51 
Figure 25 - Microfabrication schematic for the suction cups ...................................................... 52 
Figure 26 – (a.) Spokes in the SU-8 mask of 50 µm thickness, (b.) The system after liftoff, 
once the pNIPAM layer is swollen. ................................................................................................. 53 
Figure 27 – (a.) A mask of another system of SU-8 mimicking the circular muscles, which 
contains a rim of SU-8 and a central patch of 200 µm diameter. (b.) The system after liftoff, 
when the pNIPAM layer is swollen. ................................................................................................ 53 
Figure 28 - (Top) The correlation between the fluorescence counts measured from the plate 
reader as a function of the concentration of fluorescein in mg/ml released into the warm 
water. (Bottom) The dye release studies for the suction cups in warm water in comparison to 
the control, of suction cups in water at room temperature. ........................................................ 55 




Table 1 - Results of bidirectional folding for shapes with aspect ratio 2.4:1 (3 viable samples)
 ............................................................................................................................................................... 26 
Table 2 - Results of the bidirectional folding experiment for the shapes with aspect ratio 1:1 
(4 viable samples). .............................................................................................................................. 28 
Table 3 - Bidirectional folding experiment results for samples with aspect ratio 1: 2.4 (5 
viable samples). ................................................................................................................................... 28 
Table 4 - Effect of varying the no. of rows and columns, on bidirectional folding ................. 30 
Table 5 - The dependence of bidirectional folding on the size of the square grids ................. 32 
1 
 
CHAPTER 1. INTRODUCTION 
1.1. Lithography to create three-dimensional structures 
Lithography, a process of fabrication fundamental to the semiconductor industry, is a low 
cost, high throughput process of creating numerous semiconductor devices simultaneously. 
This is a very efficient method of creating articles on a substrate, up to a very high resolution 
with a reasonably high yield, crucial to the creation of microelectromechanical systems 
(MEMS), microreactors, sensors and antennae.[1]–[5]  
One way to create 3D structures using lithography is to create 2-D designs of shape 
with components having characteristics that could respond to certain stimuli, like temperature, 
light, pH, presence of aqueous media, and relying on the principles governing self-assembly 
and self-folding to bring the components together into a three-dimensional final structure. 
Some cases of this folding can be a form of mesoscale self-assembly, where components of a 
3-D shape are pieced together from their disassembled components.[6], [7] This differs from 
microscale self-assembly where nanocomponents and molecules come together to create a 
larger structure like a crystal or multifunctional surface.[8] Instances of millimeter self-folding 
come from an article by Boncheva et al., who review the methods to create millimeter scale 
objects, one of the applications of which involves fabrication of 3-D structures using 2-D 
fabrication techniques, upon imparting a stimulus to cause the folding.[9] These characteristics 
might allow certain components of the shapes to respond to the stimuli, creating stresses or 
changes in swelling patterns and to cause the whole shape to fold out of plane to minimize 
the energy of the system and to attain a new steady state conformation in a three dimensional 
plane. There are also cases when the 3-D folding can be brought about by capillary forces and 
surface tension, where the final shape can be controlled by the initial 2-D shape, and the rate 
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of liquid evaporation and thus the high surface tension which pulls the sides of the shape up 
into a 3D plane.[10],[11] 
The Gracias Lab has employed materials with lower melting points to be hinges for 2-
D patterned shapes of dismantled boxes. Upon heating, the hinge materials melt and ball up 
trying to minimize surface tension, and tend to pull the different faces of the boxes together, 
to create cubes and other encapsulation mechanisms.[12] This can be used to create other 
kinds of polyhedral, and the surface tension of the hinge materials leads to the creation to 
complex shapes.[13] They have also reported self-folding biopsy tools for cell or tissue capture, 
made of magnetically controllable metals, whose direction can be manipulated by a magnetic 
field.[14]   
Encapsulation mechanisms are employed for drug delivery as well, where 
macromolecules or drug molecules can be enclosed within the device, which can be released 
in a systematic and timely fashion. Current technology in drug encapsulation exists in the form 
of polymer capsules, liposomes, nanoparticle systems and other micro-engineered 
systems.[15]–[25] The reason to incorporate the molecule of choice into an encapsulation 
system may be to increase targeting towards a particular site in the body, enhance prolonged 
release of the therapeutic agent, reduce the side effects of a drug or to improve the solubility 
of a drug substance. 
Similar encapsulation mechanisms in the form of hollow boxes and prisms were 
created using photolithography of hydrogels, where the folding was brought about by a 
crosslinking gradient and hence differential swelling of the hydrogel in an aqueous 
environment.[26] A review by Ionov investigates the design of various self-folding hydrogel 
films and the stimuli that they could respond to.[27] Yoon et al employed a thermoresponsive 
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polymer, pNIPAM (poly(N-isopropyl acrylamide)), to create self-folding hydrogel boxes and 
cargo carriers.[28], [29] In these cases a UV-induced crosslinking gradient leads to differential 
absorption of water by the gel, which in turn drives curling. A similar study was carried out by 
Jamal et al to create self-folding microfluidics. They were inspired by the folded channel in 
plant leaves, which act as natural microfluidic channels in a 3-D realm. They were able to 
create curling SU-8 channels and structures by the introduction of a crosslinking gradient 
because of the direction in which the UV light was shined on the spincoated SU-8 substrate. 
The incorporation of the crosslinking gradient led to varying levels of crosslinking in the 
polymer and hence, varying extents of water absorption and retention, which led to those 
regions curling more than others.[30] 
 Brittain et al detail a method to create 3-D folding structures inspired by origami 
involving 2-D microfabrication techniques like etching and micro-contact printing. They 
created a geometric imprint of a temporary mask of a thiol on a surface of a silver coated 
substrate. This enabled selective etching of the region of the substrate, not covered by the 
mask. Upon manual removal of the unetched region, the alignment of the individual sections 
of the shape could fold owing to differences in the thickness of the structure. The pattern of 
the etching was inspired by origami and caused the shape to fold into many forms like arches 
and birds. Electrodepositing a layer of a structural material can consolidate this folded 
structure.[31] Epstein et al create elastic instability-driven shape changing colloidal particles 
which undergo a snap buckling behavior in the presence of increasing pH which increases the 
mismatch in strain.[32] 
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1.2. Self-folding systems with differentially swelling hydrogel actuators 
Curling and curving of hydrogels can be accomplished in the presence of a bilayer system, 
where the swelling characteristics of each hydrogel layer vary, leading to preferential curling 
along a particular side.[33] Guan et al highlight a method to create a differentially swelling 
hydrogel bilayer using solvent casting and photocuring. PDMS molds were created using soft 
lithography. These microstrips of chitosan were released from the PDMS molds using a sticky 
substrate for the microstrips to adhere to and come off the mold. The sticky substrate was 
made of PVA on a glass stip. This also acted as a sacrificial layer so upon addition of water, 
the PVA layer dissolved to release the microstrips from the glass plate and the DI water also 
allowed the water to swell. Adding an extra layer of PEGMA-co-PEGDMA to this chitosan 
layer followed by the same method of release and lift off led to the formation of curled 
structures that curled due to differential rates of swelling to the two layers in the hydrogel 
bilayer.[34] It has been suggested that the PEGMA molecules tended to form a semi IPN with 
the chitosan layer, and led to a strong bonding between the two layers. The PEGMA-co-
PEGDMA layer swelled more than the chitosan layer, which caused the structures to curl away 
from the PEGMA layer. Gracias summarizes articles that report this phenomenon.[35] Figure 




Figure 1 - A schematic of the ways a polymer system can bend out of plane. a.) Bilayer of polymers that 
undergo differential swelling, b.) Laterally arranged polymers that undergo differential swelling, c.) 
Polymer with a crosslinking gradient along its thickness, d.) Incorporation of a trigger layer that can be 
eliminated to cause bending of the strained bilayer underneath. Reprinted with permission from Ref. 
[36] © 2013, Current Opinion in Chemical Engineering. 
 
Erb et al developed a composite material consisting of aligned stiffer regions oriented 
a certain way in a polymer matrix, which tended to drive the way the polymer responded to 
the applied stimulus. This is based on Nature’s strategies which drive pine cones to respond 
to humidity or seed dispersal mechanisms that are put into play in the presence of 
moisture.[37] The shape of a material also plays a role in deciding how it might fold. Shape 
programming in a stimuli responsive material brought about predictive folding upon changing 




Wu et al mimicked plant tissue by programming bands of differential stiffness into a 
homogenous flexible sheet. This brought about various swelling forms like helices or simple 
bending of this rectangular composite, based on the angle of the bands in the rectangle.[39] 
Ionov reviews the hydrogel actuators; actuation can be brought by adding a stimulus that the 
hydrogels respond to, programming them by fixing their shape or by the incorporation of 
stiffer components into the matrix which causes a structural inhomogeneity. The review also 
touches upon the limitations of hydrogel actuator systems.[40] Randhawa et al describe a new 
class of systems called MCMS (microchemomechanical systems) that respond to stimuli other 
than electricity, and this spurs actuations in their structures.[41]  
Hawkes et al wrote about creating origami using a flat sheet of geometrically arranged 
shapes which could align in multiple orientations. These are programmable materials which 
could change shape or stiffness depending on the environment they are placed in.[42] Their 
paper highlighted how a certain arrangement of rigid parts in a flat orientation could fold into 
3-D origami if it were preprogrammed to do so. This finds application in user friendly which 
could be morphed and remorphed as per the user’s requirement. 
Stoychev et al created a stimuli responsive actuator system that responds in a hierarchical 
manner to create 3-D folding shapes with hinges that are sharp due to sequential folding of 




1.3. Nature undergoes bidirectional folding  
Certain responses in Nature that depend not on cellular activity, but on external stimuli are 
attractive inspirations for designs in engineering. Upon understanding the mechanics of a 
natural phenomenon, biomimicry in engineering can employ stimuli responsive materials for 
a real world application of this.[44] Examples of biomimicry in this aspect exist in avenues like 
drug delivery, structural construction, electronics or catalysis.[20], [45] The natural systems 
that we investigate perform passive movement that do not involve cellular metabolism to 
initiate the movements, but are solely driven by physical changes in the macro and 
microstructure of the system. Janet Braam highlights these nastic movements in plants, which 
occur in a few fractions of a second.[46] 
The different mechanisms of organ movement have been highlighted by Burgert and 
Fratzl. [47] They cover passive movements of plant systems that deal with the influx or efflux 
of water from the cellulose fibrils in the microstructure of the plants, which leads to actuation 
of the plant structure. The various mechanisms that can trigger actuation are due to variation 
in turgor pressure as in the case of Venus flytraps and mimosa plants[48], [49], cohesion forces, 
cell growth, and cell wall swelling and shrinking as in the case of ice plant or pine seed dispersal 
processes.[50], [51] They go on to touch upon the requirements of an actuating composite that 
functions on the principles of cell wall swelling and shrinking. Ionov highlights the reversible 
plant movements that inspired reversibly actuating hydrogel systems with differential strain 
being the factor that drives actuation[52]  
Fratzl and Barth also cover this in their review on the biomaterials that are involved in 
actuation and mechanosensing. They touch upon Venus flytraps being the fast actuating plants 
while slower actuating plants exist too, along with other types of hairs for mechanosensing.[53] 
8 
 
Harrington et al studied the structural changes that an ice plant seed undergoes in the 
presence of an external stimulus.[50] The protective casing around the seed consists of a 
bilayer of opposing tissue orientations which opens only in the presence of liquid water, thus 
ensuring that the seeds will be dispersed in the appropriate conditions to allow germination. 
The unfolding of the plant follows a “flexing and packing mechanism” in presence of water, 
within minutes to over 150o. The inner layer of the bilayer has a tendency to absorb more 
water compared to the outer layer which causes this bidirectionality during the unfolding. 
Mahadevan and Rica discuss the mechanics behind the Miura Ori pattern on the hornbeam 
leaf that arises due to the biaxial compression of a thin, stiff layer on a softer substrate.[54] 
Bidirectional folding in the case of the Venus flytrap is due to a snap-buckling 
instability as mentioned by Forterre at al.[55] The leaf is curved outward when open and 
curved inward when closed. For a surface curved along two axes, when there is a bending 
component along one axis, there is inadvertently a stretching component along the other axis. 
If this relation is strong, there might be a large change in bending needed to induce a snap 
change in stretching and vice versa, which is the case of the Venus flytrap and could potentially 
be the case in our system. Biomimicry has been employed by a number of scientists to create 
this fast action based on mechanical instabilities with changes in stimulus and this has led to 
interesting inventions. 
 Breger et al created a thermoresponsive magnetically controlled system to move 
cargo.[28] Holmes and Crosby created a surface that undergoes a snap-response upon the 
introduction of an organic solvent, which caused the microstructures on the surface to snap 
from a concave orientation to convex structure.[56] Sidorenko et al created a reversibly 
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actuated stimuli responsive composite of nanofibers supported on a hydrogel substrate that 
bend based on the presence of a environmental humidity.[57]  
1.4. Stimuli responsive materials 
Beginning in the 1960s, a recognition of the need to shift from conventional drug delivery 
systems to more specialized mechanisms that targeted the area of interest using local 
physiological triggers to release the therapeutic cargo in a controlled fashion.[58] Polymer drug 
delivery systems were rigid at the site of delivery and there was also a need to investigate more 
flexible options of drug delivery which would release the drug in a controlled fashion spread 
out over longer time intervals. Hydrophilic polymers which form an intricate mesh to trap 
water molecules and swell, thus using osmotic pressure to release the therapeutic cargo began 
to be investigated. There was a drive to create biocompatible, biodegradable hydrogels whose 
swelling patterns could be triggered by the changes in local environment in the form of 
temperature, pH or in the presence of certain species like proteins or metal ions.[59]–[61] 
There isn’t a very dramatic change in temperature in the human body but temperature 
responsive hydrogels gained importance due to the change in properties when introduced into 
the warmer body from an external colder environment. There exist very good reviews about 
stimuli responsive materials in literature.[35], [41] This section in the thesis reviews the 
hydrogel systems that respond to stimuli, thermoresponsive hydrogels being the most focused 
on. PNIPAAM is the model thermoresponsive hydrogel system which has been studied 
extensively for use in drug delivery and in the creation of stiffer scaffold materials for surgical 
applications. The mechanism by which this responds is due to its low LCST where it 
transitions from a hydrophilic to hydrophobic state as temperature increases above 32 ̊C. 
Stimuli responsive hydrogels allow for some varied applications in broad fields of study like 
surface coatings, cell culture, biomedical actuators etc.[62]–[64] 
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pNIPAM is an interesting phase transitioning hydrogel that can undergo a dramatic 
change in volume based on an external stimulus like temperature.[65], [66] It expresses a lower 
critical solution temperature (LCST). Increasing the temperature of the hydrogel above the 
LCST causes the pNIPAM gel to collapse due to increased hydrophobic interactions. 
  Work was performed by Tanaka et al to understand how phase transitions could result 
from ionization within the gel matrix or changes in pH within the gel.[67] The presence of 
acrylamide groups in the chemical structure of the hydrogel can bring about the possibility of 
conversion to acrylic acid groups and hence, scope for phase transition. This is due to the 
osmotic pressure of hydronium ions created from the ionizable groups, hence even varying 
the pH of the gel could bring about a phase transition. Of importance to this thesis, is the 
LCST of the pNIPAM hydrogel on a macro scale. The quantitative explanation for the collapse 
of the hydrogel is explained in the Flory Rehner Theory.[68] 
The theory in the chemistry of collapse of pNIPAM beyond LCST and how to 
measure it and relate it to the environment of the hydrogel, has been looked into by a number 
of research groups. Wongsuwarn et al describe the structural changes that the pNIPAM mesh 
undergoes beyond the LCST.[69] At room temperature, water molecules interact through 
hydrogen bonding with the amide groups of pNIPAM. The hydrophobic groups are extended 
out in this random coil structure, in a clathrate formation, of lowest free energy. As the 
temperature increases, entropy of the clathrate structure increases. If this term increases above 
the LCST, the free energy associated with hydrogen bonding becomes positive, and no longer 
the lowest energy state, leading to an instability in the system which causes the coils to collapse. 
The new globular structure is more compact and allows for the hydrophobic regions to be 
better shielded from the water which is now a bad solvent. 
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A very detailed review on this topic of pNIPAM swelling chemistry was presented by 
Schild et al.[70] They made a number of points, such as, the LCST, at which the collapse of 
the pNIPAM structure occurs, depends on the microstructure of the polymer. pNIPAM can 
be prepared in organic or aqueous media, and can be polymerized by radical polymerization 
or ionic polymerization due to the transfer of hydrogen ions. Crosslinked gels use recipes that 
involve N,N′-Methylenebis(acrylamide) or BIS which is favorable due to its structural 
similarity to NIPAM. Increasing the number of ionic groups in the pNIPAM gel structure 
leads to the transition from hydrophilic to hydrophobic becoming sharper. pNIPAM contains 
components that tend to interact differently with water molecules. Some show like interactions 
such as specific orientations for hydrogen bonds, and others show unlike interactions, like 
hydrophobic effects which lead to clathrate like structures of water around the collapsed 
hydrophobic mesh of the hydrogel above the LCST.  Above the LCST, the entropy of mixing 
decrease dominates the exothermic enthalpy of hydrogen bonding between polymer and water 
molecules. Once the ΔG becomes positive, precipitation happens above the LCST. The 
debate lies in which of the two causes the collapse - hydrophobic effects or hydrogen bonding. 
A number of publications talk about how hydrogen bonding could be the main reason for the 
LCST, because only certain orientations in the polymer allow for hydrogen bonding. There 
are four energy terms associated with a polymer with LCST. If the polymer is ionically charged, 
there exist osmotic effects, and the other energies are those associated with mixing, elasticity 
and maybe hydrogen interactions.  
Mao et al devised a system to demonstrate a setup to capture collapse data of the 
hydrogel in the presence of a temperature gradient, independent of time.[71] Zhang et al 
studied the effect of various ions in solution on the LCST of the pNIPAM polymer structure. 
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The properties of pNIPAM can be better tuned and made more predictable upon 
adding co-monomer units into the NIPAM stock solution, and hence the resulting hydrogels 
are now thermo and pH responsive.[72] Other modifications in swelling nature and increasing 
the thermal sensitivity of the hydrogel can be brought about by creating semi-IPN networks 
with higher swelling capabilities.[73]–[75] Work by the Gracias lab uses photolithography to 
create shapes of these polymers to create hinge materials for actuators. They use the swelling 
properties of the stimuli responsive hydrogels to create folding bilayers which are reversibly 




CHAPTER 2. REVERSIBLE BIDIRECTIONAL FOLDING OF A HYDROGEL 
SYSTEM 
2.1. Introduction 
When a Venus flytrap snaps, the orientation of its leaves undergo a transition from being 
concave to convex, as viewed from the outside. This was a milestone observation and insight 
into how snap instabilities in a structure can contribute to movements in the plant kingdom 
that last over a fraction of a second.[56] This subtle change in shape leads to a more robust 
mechanism of trapping prey within its leaf structure. This has been highlighted in Figures 2 
and 3 below. This action is osmotically driven and dominated by mechanical alignment. Other 
osmotically driven plant movements are in the case of stomata.[47], [77]  
 





Figure 3 - The changes in the orientation of a Venus Flytrap leaf in action, when closing on prey. The 
orientation of the leaf changes from concave when open to convex when closed. Reprinted with 
permission from Ref. [49] © 2005, Nature. 
 
Other fast acting movements in Nature can be observed due to the quick variation of 
turgor pressure in response to atmospheric moisture, as in the case of the ice seed capsule, 
where the unfolding of the leaf occurs only when wet, leading the leaf to swell and open, due 
to the programmed alignment of the swelling cellulose layer in the leaves, which constrains 
the swelling.[50] This is the plant’s way to ensure that the seeds can be dispersed in an 
environment that contains water, essential for the growth of the new plant. This leads to the 
discussion of how Nature “programs” stiffer components into the hydrogel matrix of a leaf 
or stem, to enable certain movements and facilitate a certain kind of growth of the plant 
tissue.[78] Wheat awns are hygroscopically controlled to coil or uncoil, and this variation in 
alignment propels the seeds to the ground, much like a programmed motor. This motion is 
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completely driven by the moisture in the environment and water absorption by dead plant 
tissue, and not by chemical changes in the live plant tissue.[79] A similar environmental 
moisture driven actuation can be observed in the case of pine cones, where the scales open in 
the presence of low moisture or drier conditions and close up in the presence of wetter 
conditions.[51]  
The instance of the ice seed capsule brings to light, how geometric alignments and a 
hierarchical structure of stiffer segments arranged in a flexible, reversibly swellable hydrogel 
allow for folding like those observed in origami, which contains instances of effective packing 
and flexing mechanisms, as seen in miura ori.[80] An example of a miura ori pattern can be 
seen below (Figure 4, Figure 5).  
 
Figure 4 - Miura ori pattern can be created using origami, contains interrelated folds that allow the 
entire sheet to be folded into a compact form by the application of a unidirectional force. Image 
obtained from http://www.origami-resource-center.com/origami-science.html 
 
 
Figure 5 - Miura ori employed in the design of a telescopic lens, that can be packed onto a satellite and 
unfolded in space, at the time of need, once the satellite has safely been incorporated into orbit. Image 




Miura ori is a popular origami pattern wherein a number of folds incorporated into a 
flat sheet of paper could allow the use of two directions to fold it into a more compact 
form.[81] Nature seems to naturally express this miura ori pattern, as shown by Mahadevan 
and Rica.[54] Named after the creator, Koryo Miura, this pattern involves a series of 
geometrically aligned folds that rely on each other when the plane is folding and unfolding, 
such that the whole plane can be folded or unfolded at the same time. The hornbeam leaf has 
been naturally endowed with this pattern, which aids the lead to unfold during stages of its 
development. This pattern is proving as useful inspiration in designing prototypes in various 
fields like solar power and biomedical applications.[80], [82]–[85] Tolley et al used shape 
memory composites, patterned in a particular manner, which were activated by heat to self-
fold into a miura ori pattern.[86] 
Research involving “programming” a responsive material with stiffer components has 
been conducted by multiple groups thus far. Numerous academics have reviewed this topic of 
programmable materials.[87] Work by Hawkes et al uses triangular tiles in a sequentially 
arranged manner to create a sheet that folds into various 3-D shapes like a boat or airplane by 
programmed origami of the hinge material in response to an electric stimulus.[42] Ionov 
reviews the various stimuli responsive hydrogel actuated systems, and describes that 
discontinuous actuation can be brought about in the presence of a stimulus, by applying an 
inhomogeneous gradient in the stimulus, or by incorporating a layer of a hydrophobic, non-
swelling polymer.[14], [52] Liu et al show the effect of infrared light on a prestressed 
polystyrene sheet, with black lines printed on it, which cause the parts of the sheet at the lines 
to heat up and attain the glass transition temperature before the rest of the sheet, and hence, 
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act as a hinge material at which the 2D shape folds into a three dimensional structure.[88] This 
has been highlighted in Figure 6. 
 
Figure 6 - Folding of a prestressed polystyrene sheet at the hinges, which are black lines printed on 
the sheet, which attain glass transition temperature before the unmarked regions of the sheet. 
Reprinted with permission from Ref. [88] © 2012, Soft Matter 
 
Turcaud et al studied how geometrically symmetric breaks in the cross section of a rod 
and incorporation of a differently swelling material into those breaks can lead to various 
conformations of the rod like bending or twisting.[89] Analytical solutions have been 
calculated for the case of a plate of lenticular thickness subjected to a temperature gradient. 
Steeper gradients tended to show a preference for plate curvature along the longer side.[90]  
Lee et al created a PEGDMA structure that undergoes a snap instability, like a Venus 
flytrap. The system consists of a doubly curved stiffer hydrogel with thin channels to allow for 
water to seep through by capillarity, but also begin to soak into the polymer, causing a snap 
instability.[48] Another Venus flytrap mimicking system is that of the snapping surfaces, which 
are on the edge of a snap instability, sensitive to a very small mechanical force or change of 
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solvent, which is enough to cause the surface swell and snap.[56] Smela et al have shown how 
different sides of a rectangular bilayer are the dominant sides along which folding occurs, for 
thin bilayers, based on different methods of fabrication.[91] Li et al demonstrated how thin 
films with mismatched strain tend to undergo a rolling deformation, the direction of which 
depends upon the fabrication history, the method of liftoff or etching to allow for strain 
reduction and dimensions of the rectangle.[92] 
Also of interest, are shapes that have laterally varying swelling capabilities that deform 
into various 3-D structures and form complex features that express a Gaussian curvature. 
Sharon and Efrati created differentially crosslinked non–Euclidean surfaces whose stable 
structure was a 3-D form exhibiting a Gaussian curvature. 
Kim et al created regions of different crosslinking densities on a sheet of a hydrogel 
using photolithography. This resulting shape would need to curve in a 3D configuration to 
minimize the in plane stresses. Differentially exposed regions of the gel swelled at different 
rates[93] Schenning and coworkers came up with a method to create liquid crystalline polymers 
that were held together by hydrogen bonds, which were activated and deactivated by humidity 
variations.[94] Xu et al created a bilayer which contained two layers of varying concentrations 
of pNIPAM in a TiO2 crosslinked nanocomposite hydrogel, with the pNIPAM increasing the 
mechanical strength and swelling ability of the hydrogel. Two different layers of this hydrogel 
formed a differentially swelling bilayer, which tended to curl one way in the presence of 20% 
NaCl solution, and uncurled, flattened out and curled the other way in the presence of pure 
water. They stated this was the bilayer undergoing bidirectional folding.[95]  
This thesis considers bidirectional folding to be different from the above definition. 
Bidirectional folding, henceforth, is going to be referred to as one that undergoes folding along 
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the short side facing in the upward direction, and then undergoing a flip in curvature to be 
curved along the long side and facing the downward direction. 
Along these lines, an interesting system would be one which consists of stiffer 
components, geometrically arranged on a reversibly responsive swelling hydrogel, which 
influence the folding of the hydrogel layer to a large extent by restricting its ability to fold. The 
system described in this chapter exhibited a bistability, which caused it to assume two varying 
forms across a temperature gradient. The polymer system comprised of a swelling hydrogel, 
poly (N-isopropylacrylamide) or pNIPAM, with grids of SU-8, a non-swelling polymer 
photoresist. This system was created using photolithography. pNIPAM is a thermoresponsive 
hydrogel with a lower critical solution temperature (LCST) of around 31 ̊C.[70] The hydrogel 
system folded one way at room temperature (25 ̊C) and then it snapped the other way beyond 
the LCST.  This can be better pictured as in the Figure 7. 
 
Figure 7 – A schematic of the bidirectional folding capability of the thermoresponsive hydrogel system  
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2.2. Fabrication and experiments 
The system comprised of a rectangular sheet of the flexible, thermoresponsive pNIPAM, with 
stiffer non swelling grids of SU-8 embedded in the sheet. The top view of the system with 




The masks for this system were created using AutoCAD. The aspect ratio was 
2.375:1 for the SU-8 grids, the length being 1900 µm and width being 800 µm. A portion of 
the mask has been shown below, indicating one shape. At a time, nine shapes were 







Figure 8 - Top view of the bidirectional folding hydrogel system design, with 
dimensions. The blue region represents the hydrogel sheet while the white 
rectangles are the grids of non-swelling SU-8 photoresist. The spacing 







  Figure 10 - Microfabrication schematic of the hydrogel and grid system. 
a. b. 
Figure 9 - Negative masks for the hydrogel system. a. SU-8 mask for the stiff non 
swelling grids, b. rectangular shape for the pNIPAM layer of the hydrogel system. 
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The fabrication began with preparing the stock solutions for the two layers and a 
sacrificial layer. The sacrificial layer was PVA (polyvinyl alcohol, Sigma Aldrich, 9000 Da 
molecular weight, 80% hydrolyzed), and the stock solution was a 1:10 ratio by weight of PVA 
in DI water, stirred overnight and set aside. The next stock solution to be prepared was that 
of pNIPAM, which followed the protocol stated by Bassik et al.[76] Briefly, a mixture of 
NIPAM monomer, pNIPAM, BIS-acrylamide, 1-butanol, acrylic acid and Irgacure© were 
stirred overnight, and covered and stored until further use. 
The fabrication was performed in the clean room, where a silicon wafer was cleaned 
with acetone, IPA and dried with a stream of nitrogen. This was then placed in a spincoater, 
and a small amount of PVA solution was aliquoted on it. The wafer was then spun at 2000 
rpm for one minute, and transferred to a hot plate to bake for five minutes. Upon returning 
the wafer to room temperature, it was placed back on the spincoater, and this time a small 
amount of SU-8 2025 photoresist (Microchem) was aliquoted onto it. Care was taken to not 
allow air bubbles to be present in the SU-8 aliquot, these were removed by another transfer 
pipette. The SU-8 layer was spun at 3000 rpm for one minute following a ramp protocol. The 
wet layer of SU-8 was baked, to allow the volatile solvents to evaporate and to allow the layer 
to harden. The wafer was thus transferred onto a hot plate to bake for two minutes at 65 ̊C, 
five minutes at 95 ̊C and two minutes at 65 ̊C, until the SU-8 layer hardened. It was then 
allowed to come to room temperature. This was then exposed to 500 mJ/cm2 of UV light, in 
a mask aligner (Quintel) through the mask. The post exposure bake consisted of baking at 
65 ̊C for one minutes, 95 ̊C for 5 minutes and 65 ̊C for one minute. Upon cooling back to 
room temperature, the wafer was placed in SU-8 developer for 1 to 1.5 minutes until the 
unexposed regions of the wafer were completely dissolved, rinsed with acetone and IPA, and 
then only the crosslinked grid features were visible. The next step was to oxygen plasma clean 
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the surface of the SU-8 layer, and the wafer was placed into the oxygen plasma etch for 480 
seconds at 30 RF. Immediately after this step, 1 ml of pNIPAM stock solution was drop casted 
onto the surface of the wafer and levelled. This wafer was then exposed to 60 mJ/cm2 of UV 
light, through a mask separated from the wafer using spacers, in non-contact lithography. The 
two layers were allowed a period of four hours to establish good bonding between the two 
layers, following which, DI water was added to the Petri dish containing the samples to 
dissolve the sacrificial layers, and lift off the shapes and let the pNIPAM hydrogel layer swell.   
The experimental setup involved one of the shapes being placed under water at room 
temperature in a glass petri dish. This petri dish was placed on a hotplate, set to 95 ̊C to allow 
the water temperature to increase, and hence to study the response of the shape to this 
temperature increase. The response was captured using a camera, positioned directly above 
the hotplate, to capture a series of time lapses through the DIY PhotoBits software. The phase 
when the sample was placed on the hotplate was called the warmup phase, and at the end of 
the warmup phase, the final state was noted. During the course of the warmup phase, the 
temperature was noted as a function of time, to obtain the rate of temperature increase. The 
transition temperature of the hydrogel was observed to be approximately 30 ̊C, and by 40 ̊C, 
the final state of the shape was established. Hence, the warmup phase was stopped at 40 ̊C. 
The petri dish containing the warm water and the transitioned sample was then allowed 
to cool down under ambient conditions, and the temperature was still recorded as a function 
of time, and time lapses were still taken of the shapes. As the system hit about 30 ̊C, it began 
to unfold and transitioned back to its original state. The cooldown cycle was stopped when 
the shape was back at room temperature. One cycle comprised of a warmup and cooldown 
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phase. The notation followed stated that during the first cycle of cycle 1, the warmup phase 
was called “w1” and the cooldown phase was called “c1”. 
 These shapes were stored at room temperature under water for up to three days, after 
which the hydrogel’s temperature response began to deteriorate slowly, and the transition 
temperature of the hydrogel increased to above 31 ̊C. 
 
2.3. Results and Discussions 
The lifted off sheets tended to curl as they swelled, with the pNIPAM layer swelling on the 
outer side, and the SU-8 grids being on the inner side of the hollow cylinder. This form has 
been shown more vividly in the last step of the fabrication schematic in Figure 10. Most of 
the shapes tended to curl along the short side. Figure 11 is a time lapse capturing the liftoff 
curling of two shapes, with beads on the pNIPAM layer, which roll off, indicating that the 
pNIPAM layer was on the outside as the shape curls, along the short side. Henceforth, the 
notation of pNIPAM layer on the outside where curling is towards the SU-8 girds, away from 
the pNIPAM layer, is concave. Curling towards the pNIPAM layer, away from SU-8 is referred 
to as convex. When the breadth of the rectangle is curled, it is said to be curled along the short 
side and when the length is curled, it is referred to as being curled along the long side. An 




Figure 11 - Liftoff of shapes from the wafer, the last step of the fabrication process to show how the 
shapes naturally curl concave along the short side. The beads roll off the surface, proving this.  
Scale bars: 1 cm 
Each shape started out as being curled concave along the short side. When it 
underwent the warmup phase, it was observed to begin uncurling at 27 ̊C until it became nearly 
flat at 30 ̊C, following which it became convex curled along the long side. This was an 
indication of the pNIPAM thermoresponsive nature where it began to collapse as the 
temperature increased, and underwent a sharp transition around 30 ̊C where the hydrophobic 
interactions in the hydrogel became more dominant and this led the water molecules to diffuse 
out of the gel matrix, leading to its collapse. When placed off the hotplate to undergo cooling 
under ambient conditions, the pNIPAM began to absorb water, and underwent a sharp 
swelling transition about 30 ̊C to become hydrophilic again. Figure 12 gives a better visual aid 
into this bidirectional folding behavior. 
 





Figure 13 - Images from the bidirectional folding experiments, the leftmost image is the beginning of 
a warmup phase, the image in the middle shows the flat state in transition, the image on the right 
shows the shape at the end of the warmup phase. The red arrows indicate the warmup phase, the blue 
arrows indicate the cooldown phase. Scale bars: 1 cm. 
 
The results of the warmup and cooldown phases were tabulated, for up to three cycles 
of the shapes, which means that the bidirectional folding was reversible for up to three cycles 
of warmup and cooldown. The table below shows the results for various cycles of the shapes 
in the 2.4:1 aspect ratio system. 
  Table 1 - Results of bidirectional folding for shapes with aspect ratio 2.4:1 (3 viable samples) 
  
temp rate 
(  ̊C/min) start end 
w1 1.89 100% curled convex-short side 100% curled concave long side 
c1 0.5 100% curled concave long side 100% curled convex short side 
w2 1.29 100% curled convex short side 100% curled concave long side 
c2 0.44 100% curled concave long side 100% curled convex short side 
w3 2.79 100% curled convex short side 100% curled concave long side 
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c3 0.42 100% curled concave long side 100% curled convex short side 
w4 2.38 100% curled convex short side 100% curled concave long side 
 
These results were compared to those of systems where the aspect ratio of the SU-8 
grids varied as 1:1 and 1:2.375. The spacing between the grids was different from the original 
system, because care was taken to maintain the outer dimensions of the overall shape, where 
the length is 15100 µm and breadth is 13400 µm. The masks for these are shown below. 
 
Figure 14 – (Left) Mask of the systems to be studied for bidirectional folding dependence on aspect 
ratio. Of the SU-8 mask on the left, the bottom three shapes indicate the original system with SU-8 
grid aspect ratio = 2.375:1. The square grids indicate 1:1 aspect ratio, of side length = 800 µm and the 
remaining grids are of aspect ratio 1:2.375. (Right) pNIPAM masks corresponding to the SU-8 masks. 
The results for these shapes were tabulated below. 
28 
 
Table 2 - Results of the bidirectional folding experiment for the shapes with aspect ratio 1:1 (4 viable 
samples). 
  
temp rate  
(  ̊C /min) start end 
w1 3.56 100% are convex short 100% are concave long 
c1 0.43 100% are concave long 100% are convex short 
w2 2.5 100% are convex short 50% are concave long 
c2 0.55 50% are concave long 50% are convex short 
w3 2.3 50% are convex short 75% are concave short 
c3 0.9 75% are concave short 75% are convex long 
w4 2.06 75% are convex long 50% are concave short 
c4 0.55 50% are concave short 50% are convex long 














temp rate    
(  ̊C/min) start end 
w1 3.15 100% curled concave long side 100% curled concave long side 
c1 0.51 100% curled concave long side 100% curled concave long side 
w2 2.98 100% curled concave long side 100% curled concave long side 
c2 0.53 100% curled concave long side 100% curled concave long side 
w3 3.08 100% curled concave long side 100% curled concave long side 
c3 0.4 100% curled concave long side 100% curled concave long side 
w4 0.13 100% curled concave long side 100% curled concave long side 
 
 Additional experiments were carried out to confirm the onset of bidirectional folding. 
The shapes comprised of varying numbers of rows and columns, the mask of which has been 
shown below. The shapes were annotated with number of rows, and columns of the SU-8 
grids, in a matrix form, assuming each grid is horizontal with aspect ratio 2.375:1, as was in 




Figure 15 – (left) investigating the onset of bidirectional folding by varying the number of rows and 
columns of SU-8 grids. (Right) The pNIPAM masks corresponding to the SU-8 masks. 
 
The results of these investigations have been tabulated below. 
Table 4 - Effect of varying the no. of rows and columns, on bidirectional folding 








[1,6] 13400 800 N 
[2,6] 13400 2100 N 
[4,6] 13400 4700 Y 
[6,6] 13400 7300 Y 
[8,6] 13400 9900 Y 
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[12,1] 15100 1900 N 
[12,2] 15100 4200 N 
[12,3] 15100 6500 Y 
[12,4] 15100 8800 Y 
 
Another study was performed to analyze the grid system with aspect ratio 1:1, to keep 
the pNIPAM sheet dimensions constant, but to vary the size of the grids, and hence their 
spacing. The purpose of this was to see whether bidirectional folding was expressed in the 
system with square grids, and at what point. The masks for these have been shown below and 
results have been tabulated (Table 5). The squares vary from 200 µm to 800 µm and there 
were 12 rows and columns in each shape. 
 
Figure 16 - (left) SU-8 masks to study the dependence of bidirectional folding on square grid 




Table 5 - The dependence of bidirectional folding on the size of the square grids 









The SU-8 grids of smaller dimensions did not show much bidirectional folding, and in 
the warm state, the shapes curled up randomly, as can be seen in Figure 17. The bidirectional 
folding seemed to depend upon the aspect ratio of the SU-8 grids, the size of the grids and 
the spacing between them. It also seemed preferable to have anisotropically sized SU-8 grids, 




Figure 17 - 200 µm grids, the left figure shows the shape in the cold state, while the figure on the right 
shows the shape in the warm state, which exhibits uneven curling. Scale bars: 1 cm 
During the course of the experimentation, an observation was made that the SU-8 
grids were slightly bent, which could be tending to bias the system into a more compact 
bidirectional folding in either states of the shape.  
Images of this bending of a grid were taken using a microscope (NIKON AZ100 
multi-zoom), by propping the shape against a wafer, placed vertically to get a magnified image 
on the side thickness of a grid. This has been shown below (Figure 17). MATLAB was used 
to characterize the radius of curvature of the grid, to quantify the extent of bending. This was 
2.58 mm (+/- 0.43 mm). There also existed, a certain amount of saddling, which did not result 
in a completely flat structure when the shape is undergoing a transition at the transition 




Figure 18- Proof of bending in each grid of the hydrogel grid system 
 
Liu et al. have reported on observations like those in Figure 18. [96] Glassy polymers 
tend to absorb small amount of water and swell. In this paper, the authors created a cantilever 
of SU-8 and put a drop of water on the top. The SU-8 didn’t have a crosslinking gradient due 
to exposure at 500 mJ/cm2. They show that the capillary forces of the water drop to pull the 
cantilever towards it are not as strong because what is actually observed is that the cantilever 
tends to bend away from the water drop. This means that to some extent, the water molecules 
are diffusing through the SU-8, and since the drop was placed at the top of the cantilever, it 
diffused into the polymer network and caused the top region of the cantilever to swell and 
expand, thus pushing the beam downwards. 
35 
 
Schmid et al highlighted the effect of water absorption on the mechanical properties 
of SU-8, where the water absorbed by the SU-8 or other glassy polymers could enter the free 
voids in the polymer structure and increase the mass load, cause volume expansion and a 
modulus change.[97],[98],[99] 
An article by Jamal et al showed how a crosslinking gradient in the SU-8 grids caused 
one region to swell more than the other and they used this to create self-folding microfluidics 
that were actuated by the presence of water.[30] The bending in the grids of the bidirectional 
folding hydrogel system could be reduced to a large extent by increasing the energy of UV 
exposure, and since the power from the UV lamp in the mask aligner is fixed, increasing the 
time of exposure can be the method to increase the energy of exposure. Hence, the total energy 
that the SU-8 grids were exposed to, to create an unbiased system with flat grids, was 500 
mJ/cm2. The other method to create flat grids without a crosslinking gradient would be to use 
an alternative method to expose the sample through the bottom as well, if the substrate under 
the SU-8 layer could be glass instead of a silicon wafer. A situation like that could be simulated 
by positioning a reflective material directly below the SU-8 layer, to reflect the UV light back 
and aid the further crosslinking of the layer to eliminate the crosslinking gradient in the SU-8 
layer. Gold is one such reflective material and has good adhesion to SU-8.[100]–[103] A 
protocol to attach a layer of gold to the SU-8 layer was tested, and indeed, the grids had a 
reduced crosslinking gradient. 
 
Figure 19 - A visualization of the gold plated hydrogel - grid system, with respect to the silicon wafer 
(grey) in the absence of the sacrificial layer. The red layer below the yellow SU-8 layer is the gold 
layer, while the blue layer is the pNIPAM layer. 
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2.4. Applications and Future Steps 
Chun et al carried out studies on rectangular bilayers and observed a trend of the dependence 
of bending direction on aspect ratio.[92] They observed that bending tends to occur along the 
longer side of the rectangle and proved this by FEM modelling to show that strain energy was 
lowest in that case. Other observations have been made about rolling of rectangular strained 
films and trends recorded.[104] However, the reason for this low energy was not elaborated 
upon.  
Observations have been made in thin rectangular bilayer films with one isotropically 
strained layer that they tend to bend along their long edges, and Alben et al explain the physical 
basis of this common phenomena.[91] They study bilayer systems made of polypyrrole (active 
film) and gold (passive substrate). The active film is actuated using a uniform strain, but being 
bonded to the substrate, it is restricted because both layers are to undergo the same amount 
of deformation. They state that a stretching energy of significant amount is required with films 
that are to curve in two orthogonal directions. Hence, they tend to curve along only one 
direction, and a rectangular shape can curl into a cigar, corkscrew or spiral shape. A rectangular 
bilayer tends to curl along its longer side and contains regions of double curvature, and this is 
due to a spatial distribution of curvatures. The magnitude of edge effects increases as the 
aspect ratio increases. The activation of the active film leads to the system bending and 
stretching, in and out of the plane. The energy associated with it involves stretching, bending 
and shear strain. They observe that the spiral shape has lower energy than cigar shape. They 
noted the experimental reasons for a particular configuration and hence chose materials that 
were polycrystalline or amorphous, and also stated that the prestressed sacrificial layer could 
be contributing to the constrained rolling.  
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Stoychev et al study the mechanics of folding in rectangular hydrogel bilayer 
systems.[38] They state how a rectangular bilayer can undergo three types of rolling, along the 
short side, long side or diagonals; edges of the hydrogel tend to absorb water and swell first, 
making hydrogels a heterogeneous active layer in a bilayer system. The passive layer in their 
system is PCL or PAA while the active layer is a thermoresponsive hydrogel, pNIPAM-AA-
BA. The passive layers are hydrophobic and restrict the swelling of the hydrogel active layer. 
Photolithography was used to create the bilayers. They used the paper by Alben as a reference 
and stated similar observations (long side curling) in the case of narrower films, where the 
aspect ratio is high. The thickness range of the films is lower than one micron. They confirmed 
the observation that the diameter of the rolled up tubes depended mainly on thickness of the 
two layers and not so much on the dimensions of the rectangular systems. They state that 
swelling initially is diffusion controlled but over the long term, the final direction of swelling 
is controlled by adhesion of the bilayer system to the substrate. 
Research has been done using shape changing hydrogel composite systems which can 
be differentially triggered by stimuli.[105] Various stimuli like pH, temperature, CO2 supply, 
ionic strength were applied to a photolithographically “programmed” material composite to 
result a multi-responsive system. The system is essentially a semi-IPN of two hydrogels, where 
the first hydrogel (pNIPAM) is crosslinked, then soaked in the second hydrogel (PAMPS) 
before it is re-exposed to UV light through a mask, leading to the formation of an IPN with 
specifically programmed regions that are sensitive to different stimuli. Stimuli like a sodium 
chloride solution or increase in temperature caused the pNIPAM layer to collapse, and purging 
CO2 into the system caused the PAMPS region to swell more than pNIPAM due to ionization 
upon decrease in the pH of the environment. 
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Miura ori patterns have widespread applications in fields involving compaction, like 
packing solar panels into small volumes so that when attached onto a satellite, they can be 
unfurled at the final site, and do not occupy too much space during the deployment process. 
Also, now 3-D transistors and lithium batteries are being investigated to create compact 
sources of power with a large power generating ability. Stimuli responsive panels are being 
investigated, which could be triggered by light to create electricity. This thermoresponsive 
system could find applications when triggered beyond the transition temperature of the 
pNIPAM to reveal the panels to either produce electricity or for thermoresponsive cargo 
offloading.[41], [81], [86], [106]–[115] Figures 19 and 20 show these applications.  
 




Figure 21 - The bidirectional folding system represented as a thermoresponsive photovoltaic. Scale 




Another interesting application of this system could be that of a temperature sensor. 
The flip could indicate the temperature of the medium surrounding the system. 
Research by Madhukar et al investigates how a dome undergoing a large deformation 
tends to take many forms, and in some cases based on the thickness, there could exist a 
bistability that the dome experiences in the presence of a force along the axis of the dome.[111] 
This sort of a domed system has inspired the design of the device discussed in the following 
chapter.  Upon further research into how to create the domed structures, photolithography 
has been used to create a hydrogel disc, restricted by a rim of a stiffer non swelling polymer, 
with materials similar to those used in this chapter.  
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CHAPTER 3. SCOLEX-INSPIRED DRUG DELIVERY SYSTEM 
3.1. Introduction 
In this chapter, the thermoresponsive hydrogel and photoresist system has been studied in a 
different geometry, and an attempt has been made to create a self-folding drug delivery system 
inspired by gut parasites. A basic design of the system has been created using the existing 
swelling hydrogel-rigid polymer system, using a relevant geometry and a characterization study 
for dye release kinetics from the hydrogel was performed. This design could create an adhesive 
device that tends to pull the gut epithelium into it by means of creating a partial vacuum, as is 
in the case of gut parasites, and this has been elaborated upon in the future steps of the chapter. 
Additional ways to increase the adhesive tendency of this system were investigated, like adding 
a layer of a mucoadhesive polymer to the system using microfabrication. Also considered, 
were ways to make this system more biodegradable and biocompatible. 
Drug delivery systems (DDSs) have evolved over the past decades to systems that 
release drugs in a controlled, sustained fashion.[116] The sustained drug delivery systems 
maintain a steady release of the drug and hence a steady supply of drug in the body which is 
essential to avoid the see-saw release profiles for DDSs showing burst release above and below 
the optimal amount of drug. The primary advantage of controlled drug delivery systems is 
better spatial and temporal bioavailability that minimizes the dosage of the drug to be 
administered and thus in turn reduced harmful side effects of the drug. They also improve 
patient compliance, by reducing the number of times a patient needs to take a dose of a drug. 
Thus it is essential for a drug release system to keep drug concentrations between the 
minimum effective concentration (MEC) and the maximum toxic concentration (MTC).[117]–
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[119] A drug delivery system should contain the characteristics highlighted in Figure 22 
below.[26], [120] 
 
Figure 22 - The components and characteristics of an effective drug delivery system. Reprinted with 
permission from Ref. [26] © 2012, Advanced Drug Delivery Reviews. 
 
Chemistry has evolved to create smart surfaces for controlled and sustained drug 
release through modifications of the material’s structure, functionalization of the material 
surface or making the surface stimuli responsive.[20], [22] The system studied here is thermo-
responsive and the room temperature to body temperature transition has been used to actuate 
the pNIPAM layer above 33 ̊C. The pNIPAM layers tends to undergo a collapse above 33 ̊C, 
where the hydrophobic interactions in the hydrogel dominate. Loading the hydrogel with 
drugs, could be a method to make it a drug delivery system, where the water and eventually 
the drug molecules could be released from the gel matrix above the transition temperature. 
The inspiration for this project comes from gut parasites, which can remain embedded 
in the human gut for years on end. A literature search was conducted to study the various 
types of gut microbes in existence and the mechanisms that they use to survive in the varied 
environments in the human gastrointestinal tract.  
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The human body houses millions of organisms of sizes ranging from a few nanometers 
to over 10 meters.[121] The relationship between the body and these organism may be a 
symbiotic mutually beneficial one as in the case of commensals or of the type where only one 
side benefits, as in the case of a host and parasite.[122] The parasites are built to be able to 
draw nourishment and use various mechanisms to adhere within the host body. In some cases, 
gut commensals could turn into parasites.[123] Developing a drug delivery system that can 
adhere to the GI tract would involve a solid understanding of how these organisms adhere 
within the GI tract and how they manage to stay there for extended periods of time given the 
tendency of the gut epithelium to renew itself every few days. It is imperative to investigate 
biomaterials and methodologies that mimic the properties of body surfaces of the parasites 
which enable them to survive the wide pH variations in the GI tract ranging from a highly 
acidic pH in the stomach to a neutral to mildly basic pH as in the small and large intestines.  
Drugs have been delivered in the GI tract using various pathways - rectal, buccal, nasal, 
ocular, vaginal, intravenous, and topical. The most convenient way to take the drug is orally in 
the form of a tablet or capsule[124], although oral drug delivery mechanisms have their fair 
share of challenges to overcome like varying pH in the GI tract, host immune response, low 
penetrability and constant renewal of the gut mucosa, etc. Drug delivery mechanisms can be 
tablets, capsules, intravenous delivery and patches or hydrogels that contain the drug.[125] 
Nanoparticles emerged as a new effective way to bypass the mucosa.[126] Larger drug 
molecules with a wide range of side effects that needed to be delivered in a controlled fashion 
require a different mode of delivery. Theragrippers are a drug delivery mechanism designed 
by the Gracias lab, seeking to overcome the challenge of the renewing mucosa by folding at 
the gut epithelium to “clamp” onto the gut wall. This would render them fixed at the site at 
which they are to deliver the medication.[127] During digestion, the muscles of the stomach 
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are constantly contracting and relaxing in peristaltic waves and thus, the theragrippers would 
allow for prolonged adhesion. The grippers are of the size of a few millimeters so that it is 
possible to take them orally. Enclosing them in a capsule casing would allow for prolonged 
survival without folding in the gut so that drug delivery could be extended to the small and 
large intestines. The material of construction of the new DDSs could be a pH sensitive material 
so as to let the pH of the environment trigger the folding of the grippers and hence decide the 
location to which the drug is to be delivered.[76] Temperature sensitivity of the gripper 
material, as is the current case, would be a useful mechanism for drug delivery in the stomach. 
Another factor to be considered is how far into the GI mucosa the DDSs must penetrate. The 
human mucosa is of varying thickness throughout the GI tract ranging from about 1500 µm 
in the stomach to about 900 µm in the rectum.[128] 
Helicobacter Pylori is a commensal gut bacterium that could inspire a mechanism to 
would allow for the DDSs to survive the highly acidic pH of the stomach. The bacteria secretes 
urease which breaks down the stomach acid to release ammonia and carbon dioxide, allowing 
it just enough time to tunnel through the mucosa and find the submucosa of the gut.[129] H. 
Pylori is not an acidophile and hence can survive only in the depths of the mucosa, which can 
sustain an acidic pH on the side of the stomach lumen and a neutral environment on the side 
of the gut submucosa. The bacterium uses its polar flagella to tunnel through the mucosa and 
survives in high numbers up to 25 microns from the gastric epithelium. It can adhere to the 
epithelium using OMP (outer membrane proteins) adhesins to recognize specific 
glycoproteins of the host cells. This could inspire a new mechanism for targeted drug delivery 
especially in tumor recognition if the new DDSs were used to delivery cancer drugs.[130] 
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Pilli and fimbriae of bacteria provide a way of improving contact between the 
bacterium body and host cells.[131] This is seen in the case of E. Coli where the type 1 pilus 
of the bacterium in a broth culture would be about 1-2 microns in length while the length 
measured during E. Coli interactions which a host was about a tenth of that size.[132] This 
shows that the Pilli tend to contract upon contact with host cells, thus pulling the organism 
closer to the host cells, allowing for more intimate contact. This could be incorporated into 
the DDS design, but could be of a reversible fashion such that once the stipulated dose of the 
drug has been delivered, the system detaches and is washed out with the mucosa renews itself. 
This can be employed during delivery of drugs with major side effects that must be taken in 
small doses on a regular basis. It would be required that the DDSs adhere to the gut epithelium 
just long enough for the dose to be delivered, following which it detaches from the gut wall. 
Another mechanism that would allow for detachment comes from parasites whose 
outermost layers of epithelium are shed away periodically so as to keep the host immune 
system at bay. Pills designed for controlled drug delivery encase a hydrogel, which contains an 
emulsion of the drug, which is exposed only as layers of the hydrogel begin to disintegrate.[58] 
Study of the tengument of Platyhelminthes gives an idea of how the parasite survives in the 
gut of the host.[133] The surface of the trematode is covered in covered in invaginations so 
as to increase surface area. There also exist spines and ridges of the size range of a few microns. 
Parasites present in the gut of humans are larger in size than the micro-sized bacteria 
but they manage to effectively adhere and stay within the gut lumen for large periods of time. 
The study of mechanisms by which they achieve this could help enhance the DDS design. The 
physiology of trematodes shows that the tengument (cytoplasmic extension forming the 
outermost coating of the trematodes body which is about 15 microns thick) has an overall 
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negative charge due to a high concentration of sialic acid residues on the ends of the 
oligosaccharides that it is made up of.[134] Increasing hydrophilicity of the DDSs is essential 
so as to prevent too much interaction with the gut mucosa.[135] Trematodes adhere to the gut 
wall by means of suckers, which are cup shaped muscular organs made up of three types of 
muscles. The meridional muscles open the sucker while the equatorial and radial muscles 
(around the rim and on the inner and outer surfaces respectively) serve to create the cup shape 
of the closed sucker whose suction force causes a section of the gut wall tissue to be pulled 
into the sucker. This will inspire designs in the new DDS. 
Bogitsh et al provide a broad overview on the endoparasites present in the human 
body.[136] Four classes of parasites make up the phylum Platyhelminthes – Trematoda, 
Cestoidea, Nematoda and Arthropoda. Within the trematoda class, liver flukes like fasciola 
hepatica could measure up to 30 mm in length and 13 mm in width, while intestinal flukes like 
Fasciolopsis Buski have dimensions of 75 mm by 20 mm. The main mode of attachment is 
the oral sucker, and in some cases, a ventral sucker. A collar of spines lines the side of the 
head in the case of Echinostoma Trivolvis. These are the main methods of attachment, along 
with enzymatic secretions by glands situated near the suckers, which cause lysis of tissue and 
allow the fluke body to be embedded more deeply and permanently within the host gut.  
The class Cestoidea is different from Trematoda from the lack of a mouth and 
digestive tract. Eucestoda is the highly developed subclass, whose body consists of three 
regions – the scolex or head, the neck and the strobila. To facilitate attachment to the intestinal 
wall, scolices are employed. The most common scolex is the sucker, and the type of sucker 
determines the kind of scolex – acetabulate or bothriate. The acetabulate scolex comprises of 
four cups of muscular suckers, radially arranged around the scolex and equidistant, with a 
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rounded, oval or slit-like cup rim. An “armed” scolex has a line of hooks to aid attachment to 
the intestine wall. A bothriate scolex consists of depressions called bothria, which are 
longitudinally arranged. The scolices are also associated with secretions, to aid attachment and 
allow for the scolex to embed within the gut wall. The phylum Nematoda (roundworms) have 
elongated cylindrical bodies, tapered at both ends of length ranging from 1 mm to 15 cm. The 
mouth of the nematode opens into a buccal capsule, which could contain ridges, rods and 
plates, also, spears, teeth or stylets to aid attachment to the host tissue. 
Understanding the physiology of mucus is essential to develop a drug delivery system 
that would make use of certain characteristics that might help it to adhere better to the mucus. 
An understanding of the chemistry involved is essential, and was covered extensively by 
Peppas and Sahlin.[137] 
The design of the new scolex-inspired DDSs comprises of a disc of pNIPAM enclosed 
within a ring of SU-8 based on the paper by Sharon and Efrati[138] about a flat plate the 
insides of which undergo expansion. If the pNIPAM disc is unconstrained, it undergoes 
bending and can lead to a random shape. If the rim is constrained, the hydrogel will expand 
out of plane and will give a hemispherical shape as it swells. The rim of the feature was 
constrained with a non-swelling layer which stick to the swelling layer and this allows a 
controlled method of swelling. The thickness of the material is also known to play a role in 
the swelling characteristics.[139] The smaller is the thickness, higher is the chance of buckling 
energy to be the lower energy and hence the more favorable state of the disc. As stated by 
Klein et al, restrictions on a flat sheet can cause it to buckle, wrinkle or crumple.[140] They 
experimented with a new system of varying the crosslinking density of flat NIPA features and 
observing the contraction based on differential swelling in different radii to give variations in 
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the non-Euclidean surfaces created by the same flat configuration of the disc. Factors like 
crosslinking density, thickness of the plate, Gaussian curvature play an important role in 
deciding the value of K (curvature) to be positive or negative. 
A very well studied model sucker presented is that of the octopus sucker, each sucker 
diameter being a few millimeters. There exist three kinds of muscles, meridional, circular and 
radial, just like in the tapeworm system, but the adhesion mechanism varies slightly, which can 
be better explained by the figure below.  
 
 
Figure 23 - Adhesion mechanism of octopus suckers. . Reprinted from Ref. [141]© 2013, PLoS ONE. 
 
The hypothesis of the mechanism of adhesion of the sucker has been highlighted and 
mimicked by Kier et al.[142] The masks were designed trying to mimic these muscle 
orientations. Variation were made for circular muscles using a rim of SU-8 and spokes to 
mimic the radial muscles. The designs started with four spoke arrangements, radiating from 
the center of the circle. Other patterns later investigated included 6 spokes and disconnected 
spokes whose length is less than the radius of the circle. It is important to confine the pNIPAM 
gel within the boundaries of a rim of stiff non swelling material. Various reports on the muscle 
orientations of octopus suckers have been presented, and devices that mimicking this adhesive 
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action have been created, but on the macroscale, not using microfabrication.[141], [143]–[150] 
The microfabrication of these devices has been described in the next section. 
 
3.2. Fabrication and Experiments 
Microfabrication techniques like photolithography were used to create the suction cups in 2D. 
The fabrication procedure starts with the preparation of the stock solutions. This fabrication 
process is similar to section 2.2., for the fabrication of the bidirectional folding hydrogel 
system. For the sacrificial layer, a solution of 1:10 by weight of polyvinyl alcohol (PVA) in 
water was made. The photoresist SU-8 2025 for the non-swelling layer was obtained from 
Microchem and the poly(N-isopropyl acrylamide) stock solution for the swelling layer was 
prepared in accordance to the fabrication technique mentioned in the report by Bassik et 
al.[76] Briefly, a mixture was created, consisting of NIPAM monomer, some preexisting 
pNIPAM, BIS-acrylamide, 1-butanol, acrylic acid and the photoinitiator, Irgacure. This was 
covered in foil and stirred overnight at room temperature.  
The photolithography was carried out in a clean room, where a 3 inch silicon wafer 
was rinsed first with acetone, then isopropyl alcohol (IPA), and then dried using a compressed 
nitrogen stream. This wafer was placed on a chuck in a spincoater and a small amount of PVA 
stock solution was dispensed on it using a disposable dropper. The wafer was then spun at 
2000 rpm. This wafer was then placed on a hotplate at 115  ̊C for five minutes to dry.  
Once dried and cooled to room temperature, the wafer was placed back in the 
spincoater and this time, a small amount of SU-8 2025 was added to the center of the wafer 
surface. Caution is to be exercised in not having any air bubbles trapped in this dispensed 
liquid, which could create an uneven surface during the spincoating step. The Microchem data 
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sheet very clearly states the procedure to handle the photoresist and pattern the resist, and the 
steps that have been mentioned below specifically relate to a particular spin speed and hence, 
a specific film thickness. The wafer with the SU-8 2025 was spun at 3000 rpm for a minute. 
Once spun, the wafer was placed onto a hotplate at 65  ̊C for two minutes, followed 
by a hotplate at 95 ̊C for five minutes and returned to the hotplate at 65 ̊C for another two 
minutes. This is to ensure that the solvents in the resist layer thoroughly vaporized, and the 
resist layer was then dry. Once cooled to room temperature, the resist layer was manually 
checked to make sure it was dry, and if not, it was returned back to the 95 ̊C hotplate for 
another two minutes. The temperature increment from 65 to 95 ̊C is essential to not shock 
the resist. The resulting resist layer is 25 µm thick. 
Upon returning the wafer to room temperature and once it is established that the SU-
8 layer is thoroughly dried, the wafer was placed under a mask aligner (Quintel) and UV light 
was shined on it through a mask. The mask used is a negative mask, printed by Fineline 
Imaging. The clear regions of the mask directly exposed the resist to the UV light, which 
caused the resist to crosslink in those regions. The energy of exposure was 160 mJ/cm2. This 
was recommended by the Microchem data sheet for this thickness of the resist layer. Once 
exposed, the wafer was transferred back to the 66 ̊C hotplate for one minutes, followed by 
five min at 95 ̊C and one minute at 65 ̊C. This post exposure baking step caused further 
crosslinking in the polymer network of the photoresist, while the UV light created the radicals 
in the resist, and initiated the polymerization. After the 1 minute on the 65 ̊C hotplate, the 
features began to become more visible. Cooling to room temperature, the wafer was placed 
into an SU-8 developer solution (1-Methoxy-2-propyl acetate) until the unexposed regions of 
the photoresist dissolved completely. This took about 30 seconds, and the wafer was then 
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removed from the developer solution and washed for five seconds with acetone and then 
rinsed with copious amounts of IPA. The wafer was then dried using a nitrogen stream and 
placed into a petri dish in preparation for the next step of the fabrication procedure. 
The next step in the fabrication procedure is to oxygen plasma treat the surface of the 
SU-8 features so as to make them more hydrophilic to allow for good adhesion between the 
pNIPAM layer and the SU-8 features. The wafers were placed into the plasma etch for 480 
sec at 30 RF to clean the surface of the organic residue of the SU-8 developer, acetone and 
IPA. The treated wafer was then taken back to the cleanroom in preparation for the next layer 
to be added to it.  
850 µl of the pNIPAM stock solution are aliquoted onto the surface of the plasma 
treated wafer, and the wafer was swirled to let the stock solution coat the surface evenly. Once 
the stock solution was level on the surface of the wafer, the wafer was placed back in the mask 
aligner, but this time, non-contact lithography was performed, where the UV light was shined 
onto the wafer surface through a mask that did not touch the surface of the wafer. For this 
purpose, spacers were added to raise the mask slightly above the wafer surface, and UV light 
of 60mJ/cm2 energy was shined on the pNIPAM layer. This layer was then washed with IPA 
to remove the uncrosslinked monomer solution, leaving behind the crosslinked pNIPAM layer 
in contact with the SU-8 layer. This was dried using a gentle stream of nitrogen to remove 
excess IPA. This bilayer was allowed to bond for four hours. The last step in the fabrication 
procedure was to add DI water to the petri dish containing the wafer, to dissolve the sacrificial 
layer and to liberate the features from the wafer, while at the same time allowing the pNIPAM 
layer to absorb the water and swell. The final feature was untethered and looked like that 
shown in Figure 24. Upon heating the water in which this shape was in, the cup tended to 
51 
 
collapse into a flat shape. These images have been captured using a NIKON AZ100 multi-
zoom microscope. 
 
Figure 24 - An image of the suction cup, after the liftoff step of fabrication. (a.) A side view of the 
suction cup at room temperature, observed using bright field microscopy, (b.) the top view of the 
suction cup at room temperature, using bright field microscopy, (c.) side view of the room 
temperature suction cup, using fluorescence imaging (d.) Indicates the side view of the collapsed 
suction cup in warm water. The red arrow indicates warming while the blue arrow indicates cooling. 
 
A schematic of the fabrication procedure for the suction cups has been shown in Figure 25.  




  Figure 25 - Microfabrication schematic for the suction cups 
More geometries were created, to mimic the other muscle orientation of the scolex, using SU-




Figure 26 – (a.) Spokes in the SU-8 mask of 50 µm thickness, (b.) The system after liftoff, once the 
pNIPAM layer is swollen. 
 
Figure 27 – (a.) A mask of another system of SU-8 mimicking the circular muscles, which contains a 
rim of SU-8 and a central patch of 200 µm diameter. (b.) The system after liftoff, when the pNIPAM 
layer is swollen. 
The dye release kinetics for this system were studied. This was in accordance to the 
protocol setup by Malachowski et al.[127] Five suction cups were soaked overnight in a 
solution of 1 mg/ml of fluorescein in water at room temperature. The dye would percolate 
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into the hydrogel mesh of the cups. These suction cups were then rinsed three times in DI 
water to rinse of dye particles that had not diffused into the hydrogel, and then transferred to 
a vial containing warm water at 40 ̊C to mimic a body temperature environment. The group 
blank for this experiment was the same number of suction cups that were not soaked in 
fluorescein, placed into DI water at 40 ̊C. The plate reader (Spectramax i3, Molecular Devices) 
also required there to be a plate blank, which was DI water at 40 ̊C. At specific time intervals, 
aliquots of the sample were collected and diluted with DI water in a 96 well plate, along with 
a group and plate blank sample. The results have been collected as shown below. 4 trials of 
these readings were collected, over the span of 3 days. The control for this experiment was 
the release profile of five suction cups in DI water at room temperature. This system showed 
a lower release compared to the case where the hydrogel collapsed above transition 




Figure 28 - (Top) The correlation between the fluorescence counts measured from the plate reader as 
a function of the concentration of fluorescein in mg/ml released into the warm water. (Bottom) The 
dye release studies for the suction cups in warm water in comparison to the control, of suction cups in 
water at room temperature. 
After the final liftoff step of the suction cups from the wafer, an observation was made 
of a wrinkling pattern in the pNIPAM layer, just inside the SU-8 ring. This can be very 
noticeably observed in Figure 24. In this section, a small literature search has been conducted 
into wrinkling phenomena in similar systems to investigate potential causes of this. A product 
whose quality depends on a number of factors (parameters) needs to be systematically studied 
with the variation of each parameter.  
56 
 
3.3. Results and Discussions 
A review by Dervaux and Amar extensively covers the range of mechanical instabilities that a 
hydrogel can undergo.[151] Based on the criteria stated by them, the issue at hand with our 
model is a wrinkle instability. The breakthrough work in this field was carried out by Tanaka 
et al.[152] The wrinkle formation occurs due to significant difference in the modulus of 
elasticity between the bilayers of the scolex.[153] It is also important to introduce some sort 
of strain to the system in the form of a stretch or heating or cooling (stretch is in this case). 
These wrinkles formed seem to be anisotropic (ordered).[154] Theory on the physics behind 
wrinkling deals with a tradeoff between bending resistance and longitudinal stretching near 
the region of constrain.[155] According to an article by Yang et al, when there is a confinement 
to a soft material at one end, it leads to anisotropic osmotic pressure across the lateral surface 
of the material.[156] Upon exceeding a critical value, the stress causes buckling of the surface. 
One way is to calculate the strain at the rim, which depends on the mechanical properties of 
the pNIPAM film (thickness and diameter of the layer).  
This review by Chen and Yin[157] states that the mismatched deformation between 
the hydrogel film and less swelling substrate could be due to swelling mismatch or osmotic 
pressure and the film expands more than the substrate to render the film in a state of 
compression. When the stress is more than a threshold value, the film buckles. Two 
parameters to characterize buckling according to them is critical buckling stress and buckling 
wavelength. The stress driven buckling for spheroidal shapes has been characterized, using 
examples of fruits and vegetables.[158] A study about the propagation of tumors using a 
hydrogel model was able to characterize the mechanical instabilities of the system with relation 
to the physical properties and geometry of the system.[159] This system consisted of a central 
region of a lower swelling neutral hydrogel surrounded by a charged hydrogel ring of much 
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higher swelling capability. When the stiffness of the central region is less than that of the 
swelling gel, a buckling instability occurs wherein the boundaries of the swelling ring are nearly 
parallel. If the stiffness of the inner layer is greater than that of the swelling layer, creases begin 
to appear on the outer side of the ring while the inner side of the ring remains nearly circular. 
Wavelength dependence on thickness of the swelling layer helped to further quantify the 
instability. Another observation was a color gradient in the radial direction indicating that the 
gel swelled inhomogenously. 
In comparison, the system designed by us involves a stiff non swelling outer ring 
enclosing a swelling polymer hydrogel. The configuration is circular and hence similar to the 
article by Dervaux.[159] In some cases, the wrinkles seemed to lead to points of detachment. 
This chapter discusses a new type of drug delivery system design which is inspired by 
gut parasite suckers. Their relevance as a drug delivery system was studied. An observation 
was made related to the mechanical instability of the hydrogel- polymer system which was 
characterized using a statistical method. A future direction of this research can be with the 
incorporation of a UCST expressing hydrogel and a mucoadhesive.[160], [161] Peppas and 
Sahlin reviewed the factors involved in developing a bioadhesive drug delivery system, and 
various methods to characterize the adhesiveness.[137] They focus on the polymers and the 
properties that make them mucoadhesive. Mortazavi and Smart investigated the factors 
developed a novel in vitro method to characterize mucoadhesivneess of a material by 
measuring the force involved and work done to detach a disc with mucoadhesive from a 
mucosa containing surface.[162]  
Using the recipe from the report by Ahn et al. and by non-contact photolithography, 
a mucoadhesive was patterned as seen below.[163] For this purpose, Irgacure was introduced 
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as a crosslinking agent and the time of exposure, % chitosan and spincoating speed were 
decided empirically. Figure 29 highlights the results of patterning the novel mucoadhesive after 
spinning at 750 rpm for 10 seconds, followed by exposure to UV light with energy of 700 
mJ/cm2 through a mask, and rinsing off uncrosslinked monomer in an acetone bath for two 
minutes, followed by an IPA rinse and drying with a nitrogen stream. 
 
Figure 29 - Photopatterning a mucoadhesive based on chitosan and polyacrylic acid. 
Another consideration is to make the system biodegradable and biocompatible. 
pNIPAM and SU-8 to some extent can trigger cytotoxic responses in the body. Materials like 
chitosan, PLGA, cellulose and PHEMA can be investigated to improve the biodegradability 
of the system, and they also respond to various stimuli like pH and presence of ions in the 
water.[23], [64], [164], [165] A disadvantage of the controlled drug delivery system would be 
in the case of malfunction, if the bulk of the drug is dumped into the site of action of the 
DDS, called dose dumping, which could be dangerous in cases of drugs that have a small 
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difference between MEC and MTC. This also translates to reduced flexibility in administering 
the dose to a patient.[118] 
The formulation of the pNIPAM stock solution can be  altered to make it more and 
sensitive to stimuli like pH, temperature, even specific ions, electric field or magnetic field or 
even light.[76] Upon studying the collapse of the pNIPAM in warmer environments, it could 
be interesting to investigate the potential of this system as a valve that tends to push water 
forward in the direction of the collapse. 
Further study needs to be carried out to address the above issues to make the suction 
cup system a viable, sustainable drug delivery mechanism. 
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CHAPTER 4. SUMMARY AND FUTURE STEPS 
In this thesis, a system comprising of a thermoresponsive hydrogel and a stiffer non-swelling 
component, in the presence of the temperature stimulus was studied and its different 
geometries explored.  In particular, a certain geometry was shown to be capable of being used 
as a drug delivery system.  
In the first part of the thesis, an observation was presented, where a thermoresponsive 
hydrogel sheet with stiff non-swelling polymer grids embedded in it underwent bidirectional 
folding upon collapse of the hydrogel induced by increasing the temperature. This 
bidirectional folding property was characterized by varying different parameters like number 
of grids, the rate of heating and cooling. A case was presented where the stiffer components 
had a crosslinking gradient and could be biasing the system. This challenge was overcome by 
eliminating the crosslinking gradient in the stiffer grid material by overexposure to UV light 
and the results of various cases of this hydrogel system were studied. 
In Chapter 3, the hydrogel system was used with a different geometry to study a new 
type of drug delivery systems inspired by gut parasites. This system so far doesn’t exhibit the 
partial vacuum creation property, however, methods were investigated to improve its tendency 
to adhere to the gut wall, one of them being to add a mucoadhesive layer. An observation 
related to the result of the fabrication, the mechanics of which were investigated, and the 
release kinetics of this system using a dye was studied.  
This thesis can provide a platform to study the bidirectional folding aspects of a 
thermoresponsive hydrogel sheet with stiffer embedded grids, and to create a bio-inspired 
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